The fine structure of maize rough dwarf virus (MRDV) has been studied by examining particles in ultrathin sections, crude extracts, and in purified preparations from diseased plants. The virus has a diameter of 65 to 7o nm. and contains a dense core of about 4o to 5o nm. diameter that is enveloped by a thin inner capsid 3 nm across. The outer capsid is about IO nm. wide and I8 holes are seen on the perimeter. Smaller particles, 40 to 5o nm. in diameter are found in all types of preparations and some have incomplete outer capsids consisting of I2 isolated projecting structures that adhere to the inner capsids. Purified preparations contained only the incomplete particles. The structure of MRDV particles is compared to that of reoviruses.
INTRODUCTION
Gerola & Bassi (I966), Gerola et al. (I966a, b) , Lovisolo & Conti (I966) , Kislev, Harpaz & Klein (I968) , and Appiano & Lovisolo (I97I) showed that mature particles of maiNe rough dwarf virus (MRDV) seen in ultrathin sections of diseased plants had a diameter of 7o nrn. and contained a heavily stained core about 5 o nm. in diameter. Particles of the same appearance and dimensions were also found in ultrathin sections of the infected planthopper vector (for references see Lovisolo, ~97I) . In crude extracts from diseased plants, Lovisolo 0967) found two different forms depending on the negative stain used: in uranyl acetate the particles showed a core and a surrounding region as in ultrathin sections; in phosphotungstic acid (PTA) however, the particles showed no internal structures, but had a distinct thin outer envelope. Purified MRDV negatively stained with PTA showed particles similar to the latter (Lovisolo et al. I967, Wetter et al. 1969) and the diameters were determined to be about 6o nrn. or 55 to 6o nm. respectively. In this paper further studies on the fine structure of MRDV particles are reported.
METHODS
MRDV infected maize plants (Zea mays L.) and purified material were obtained from the Laboratorio di Fitovirologia Applicata (CNR), Torino, Italy. Sections were cut from small parts of enations from leaves, or leaf sheaths (for shortness the term ' enation' will be used, according to Bos (197o) ; 'histoid enation' would be the correct term), or from pieces from diseased roots. They were fixed overnight with 6 ~o glutaraldehyde in o-o2 M-phosphate buffer, pH 7"3. After washing three times with buffer, they were postfixed for 2 hr with buffered 2 % OsO4, dehydrated with ethanol, infiltrated with propylene oxide, and embedded in Epon 812 (Luft, I96I). Some pieces were also embedded in low viscosity epoxy resin (Spurr, I969) . Ultrathin sections, cut using glass knives and a LKB Ultrotome III, were stained with uranyl acetate and lead citrate (Reynolds, I963) and examined with a Siemens Elmiskop Ia. Length measurements were obtained from micrographs taken at defined lens currents, and calibrated using a diffraction grating.
For electron microscopy of MRDV in crude extracts, the plant material, either fresh, or fixed in I o % glutaraldehyde, was crushed in a drop of water or glutaraldehyde. The resulting suspension was dropped on a Formvar-carbon coated grid. The fluid was sucked off after 2 min. and immediately replaced by the stain, which was withdrawn after a further 2 rain. The preparations were examined immediately. Purified virus was prepared by Redolfi and Pennazio from roots of infected plants (P. Redolfi, S. Pennazio & H. L. Paul, in preparation). The tissue extracts were clarified by chloroform and the virus was purified by differential and by sucrose density gradient centrifugations. The virus suspension was stored for several days before use. It was studied either unfixed or fixed with IO °/o glutaraldehyde, and was negatively stained as described above.
The stains used were 2 ~o neutral sodium phosphotungstate (NaPT), or uranyl formate (UF). The latter was prepared by a method similar to that described by Bradley (1965) : from a solution of uranyl nitrate the hydroxide was precipitated by adding ammonium hydroxide, the precipitate was washed three times with water by centrifugation, then dissolved in dilute formic acid, and kept dark at 4 °. Purified virus was also stained with 2 ~o ammonium molybdate. With this stain the particles looked very similar to those stained with UF.
RESULTS

Ultrathin sections
The structure and dimensions of MRDV particles in leaf enations and roots were compared. It was found that most of the particles in leaf enations (Fig. I a, b ) as in roots (Fig. 2b) were about 65 to 70 nm. in diameter, and contained a heavily stained core. In both tissues these particles were sometimes found in crystal-like aggregates (Fig. I a, 2a ) like those found in root tissues by Anna Appiano & O. Lovisolo (personal communication) .
Similarly tubules containing 65 to 7o nm. particles, as found in leaf enations and infected cells of the vector were a/so found in root tissues. In addition, particles measuring 4 o to 45 nm., with an electron transparent centre ( Fig. I a, 2b , c) were frequently found in both tissues. The smaller particles have not previously been reported in infected plant tissues, although Anna Appiano & O. Lovisolo (personal communication) have recently found a small number of similar particles in root tissues. They resemble the smaller of the 'immature' particles found by Vidano (I967, 197o ) in the infected planthopper vector of MRDV. In the plant tissues however, the 'empty' 4o to 45 nm. particles were not found inside 'microtubules'. The 'empty' particles occurred mixed with the 65 to 7o nm. particles, or separately in membrane-bounded vacuoles (Fig. 2b) , or in viroplasm masses mixed with particles of the same size with a strongly stained centre (Fig. 2 C) . The latter particles in roots and leaf enations only were found within viroplasms ( Fig. 2 b, c) . They correspond to the 'immature' particles described by Gerola et al. (I966a) , Lovisolo & Conti (I966) , and Kislev et al. 0968) . Thus, no difference was found between the structure of MRDV particles in leaf enations and in roots.
A new feature of the 65 to 7o nm. particles was that, particularly in Epon-embedded tissues, they showed a thin irregular zone with very low contrast between the heavily stained core and the outer region of intermediate contrast, already described (Fig. i b) . The core together with the zone of low contrast was 40 to 45 nm. in diameter. This is less than the 5o nm. reported in some earlier publications, but is similar to that found by Vidano (I966, I97 o) and Lovisolo 0 9 7 I ) . D. L E S E M A N N 
Crude extracts
No significant differences in particle structure could be seen in particles in crude extracts from roots and from leaf enations. Extracts of leaf enations contained greater numbers of particles than those of roots. Both crude extracts regardless of the stain or fixative, contained mostly particles measuring about 65 to 70 nm. in diameter (Table 0-When stained with UF the particles had a slightly smaller diameter than when stained with NaPT. Fixation did not alter the structure of the particles in UF stained preparations, although details were sometimes clearer in the fixed particles.
The 65 to 70 nm. particles always showed a more or less densely stained central region about 50 nm. wide which was surrounded by a thin, well-defined, unstained layer (Fig. 3 a, c, e). Outside this layer were structures approximately Io nm. thick which seemed to contain holes filled by the stain. Like Conti & Lovisolo 0970, we found tubules typical of MRDV infected cells in crude extracts (Fig. 3 b) . When stained with UF, the tubule wall showed a well-defined substructure (Fig. 3 d) , only faintly visible in NaPT. Because the particles inside the tubules may be more protected from degradation than those outside, and because the particles inside the tubules show the same dimensions as those outside (Table I ) the 65 to 7 o nm. particles are probably the complete MRDV particles. Their type of structure resembles that of negatively stained reovirus particles (see discussion). They seem to consist of a core surrounded by a thin, dense inner capsid and a thick outer capsid. The latter shows a substructure with regularly arranged holes.
The fine structure of the outer capsids was studied by applying the rotation technique (Markham, Frey & Hills, I963) to some suitable images. The results indicate that 18 equidistant holes are arranged around the perimeter of each particle (Fig. 4 c, f) . In some particles, all holes seemed to be identical in shape as is shown in Fig. 4c , whereas in others they were not (Fig. 4e) . In most of the particles the holes seemed to be closed at the particle periphery. Agrawal, Kent & Mackay (1965) emphasized the dangers of misinterpreting structures visible in rotated photographs. It is important, therefore, to note that in the material studied here the structures that were reinforced by the rotation technique were already distinguishable on the original micrographs (Fig. 4a, d) .
Crude extracts negatively stained with UF or with NaPT after fixation also contained few particles measuring about 5o rim. in diameter (Fig. 3e-h therefore that they are the 65 to 70 nm. particles minus the outer capsid. Some of the U F stained 5o nm. particles also had projections on their surfaces (Fig. 3f, g, h) . These seemed to be arranged so that six projections protruded at regular intervals from the edge of a particle. The distance between the ends of two diametrically opposed projections was 65 to 7o nm.; thus the projections had the same thickness as the outer capsids (Table 0 . Purified virus Freshly prepared purified virus studied electron microscopically by P. Redolfi et al. (in preparation) showed no particles with the complete outer capsids. They had diameters of 5 ° to 55 nm. The preparation used for this study had been stored fo:: several days. It also contained only incomplete particles. Their diameters were 4o to 45 nm. including the 3 nm. thick capsid. The same type of particle was found regardless of which s~:aining procedure was used (Fig. 5a, b, c) . All these 4o to 45 nm. particles showed projecting structures similar to those seen on the 5o nm. particles in UF stained crude extracts (Fig. 3 d,f) . Thus all purified virus particles seemed to be incomplete, lacking the outer capsid layer.
The projections on some particles in purified preparations were approximately 7 nm. long and 8"5 nm. wide. On well-preserved particles the arrangement cf the projections supports the interpretation that each may represent a centre of fivefold :;ymmetry (Fig. 5b, c,  inset) . Assuming this regular distribution, twelve projections are prestLmably present on the surface of one particle.
iiii!ii ;: When purified virus was stained with NaPT without prior fixation (Fig. 6 ) the particles looked almost identical to those described by Lovisolo 0967), Lovisolo et al. 0967) and Wetter et aL (I969). Most particles had a smooth surface, but occasionally some had projections on the capsid (arrowed in Fig. 6 ). When the particles were fixed, many projections wer e seen on NaPT stained virus ( Fig. 5 e) ; when the particles were unfixed, NaPT removed Electron microscopy of M R D V 28I Fig. 6 . Purified MRDV negatively stained with NaPT without fixation, note few projecting structures (arrows), supposedly free projections (at bottom, marked with +), and one not penetrated particle (double arrow). most projections, and small contaminating structures could be seen on the electron micrographs (Fig. 6 , mark at bottom). In the unfixed N a P T preparations the outlines of the particles were mostly hexagonal. The cores of the particles were more or less penetrated by NaPT. Often there was a zone immediately inside the capsid, which seemed to contain more NaPT than the central, less contrasted region. This ill-defined central region inside the 40 to 45 nm. particles may correspond to the structures described by Lovisolo et aL (I967) as 'internal cores'. Rarely NaPT-stained particles were not penetrated by stain at all (double arrow in Fig. 6 ), they showed a fine sculpturing of their surface, which probably reflects the arrangement of substructures of the inner capsid.
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Fig. 7. Schematic representation of MRDV-particle structure in a median plane; derived from images of negatively stained particles. Dimensions are given in nanometers.
DISCUSSION
The 65 to 7o nm. particles of MRDV with a core of about 4o to 5o nm. have a similar structure to those of the reoviruses (Gomatos et (Brcak & Kralik, I969) , and sugarcane Fiji disease virus (Teakle & Steindl, I969) . However the details of the structures of the particles of many of these viruses are not known. For the better studied viruses (e.g. reoviruses, orbiviruses, RDV, WTV), different structural models have been proposed for the outer capsids.
The cores of MRDV particles like those of reoviruses are surrounded by a distinct inner capsid, approximately 3 nm. thick, and have an outer capsid approximately Io nm. thick (Fig. 7) . One perimeter of a particle contains I8 holes as in reoviruses (Vasques & Tournier, I962; Mtiller, Schneider & Peters, I967) . In reoviruses the outer capsids are thought to represent an icosahedron with I2 centres of fivefold symmetry. In the outer capsids of complete MRDV particles no comparable structures could be demonstrated. But purified incomplete MRDV particles showed projecting structures which were possibly twelve centres of fivefold symmetry. From their size and appearance it seems probable that they represent residual capsomeres of the outer capsid. They might be more resistant to degrading agents than the other parts of the outer capsid, perhaps because of some structural difference. In some points, MRDV particles differ from those of reoviruses. The outer capsids of reovirus particles are more stable in NaPT, which can completely remove the outer capsids of MRDV, and there has been no report of reoviruses with twelve isolated parts of the outer capsids. Also it is thought that the holes in the outer capsids of reoviruses are open at their outer side, whereas those of MRDV appear to be closed. 
